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Anomalous expansion of a polymorphic tract in Ataxin-1 causes the autosomal dominant spinocerebellar 
ataxia type 1. In addition to polyglutamine expansion, requirements for development of pathology are 
phosphorylation of serine 776 in Ataxin-1 and nuclear localization of the protein. The phosphorylation 
state of serine 776 is also crucial for selection of the Ataxin-1 multiple partners. Here, we have used 
FRET for an in cell study of the interaction of Ataxin-1 with the spliceosome-associated U2AF65 and the 
adaptor 14-3-3 proteins. Using wild-type Ataxin-1 and Ser776 mutants to a phosphomimetic aspartate 
and to alanine, we show that U2AF65 binds Ataxin-1 in a Ser776 phosphorylation independent manner 
whereas 14-3-3 interacts with phosphorylated wild- type Ataxin-1 but not with the mutants. These results 
indicate that Ser776 acts as the molecular switch that discriminates between normal and aberrant 
function and that phosphomimetics is not a generally valid approach whose applicability should be 
carefully validated. 

Anomalous expansion of the genetically unstable CAG codon above a threshold of 35-42 repeats in the 
coding region of the ATXN1 gene leads to spinocerebellar ataxia type 1 (SCA1) 1 . This dominant inherited 
neurodegenerative disease, currently incurable, is an autosomal dominant neurodegenerative pathology 
characterized by motor coordination deficits caused by progressive loss of Purkinje cells in the cerebellar cortex 
and neurons in the brain stem and spinocerebellar tracts 2 " 4 . As with other members of the polyQ expansion 
family, SCA1 is thought to be caused by aggregation and misfolding of the carrier protein promoted by the polyQ 
insolubility and modulated by the protein context 5 " 10 . Ataxin- 1 (Atxl ), the gene product of ATXN1 , is a —98 kDa 
mostly nuclear protein that makes of it one of the smaller components of the polyQ expansion proteins associated 
to disease 1112 . 

Despite its medical importance, the non-pathologic functional role of Atxl in the cell and the mechanisms 
underlying SCA1 pathogenesis are still poorly understood. Several studies have focused on determining the Atxl 
interactome and on how this could be altered in the presence of polyQ expansion. Studies addressing Atxl 
association with different protein complexes that have diverse functional significance could lead to further 
insights into the role of the protein in the normal cellular function as well as in disease. The discovery of 
interactions of Atxl with several transcriptional co-regulators such as the leucine-rich acidic nuclear protein 13 , 
polyQ-binding protein 14 , silencing mediator of retinoid and thyroid hormone receptors 15 , Capicua 7 , Boat 8 , Gfi-1/ 
Senseless 9 , the nuclear hormone co-activator Tip60 16 and the transcriptional co-repressor C-terminal binding 
protein 2 17 have in fact suggested a role for Atxl in transcriptional regulation. Recently, Atxl was also shown to 
interact with components of the spliceosome machinery such as RBM17 and U2AF65 1819 . These studies seem to 
indicate that Atxl associate with different protein complexes and that the polyQ expansion has the potential 
to interfere with such associations. It still remains open how the protein can discriminate among these multiple 
interactions at each time-point as well as in terms of its location. 

A serine residue at position 776 (Ser776) of the Atxl sequence was suggested to have a critical role in Atxl 
partner selection 19 ' 20 . Preliminary data seem to indicate that non-phosphorylated Atxl binds splicing factors such 
as U2AF65 while Ser776 -phosphorylated Atxl binds the 14-3-3 adaptor protein 19 . Phosphorylated Atxl also 
recognises other cellular partners such as the transcriptional repressor Capicua (CIC) and other proteins involved 
in transcriptional regulation, such as the MEF2-HDAC4 complex 7,21 . The phosphorylation state of Ser776 seems 
also to be important for understanding disease onset since requirements for developing the disease seem to be, in 
addition to polyQ expansion, nuclear localization and phosphorylation of Ser776 10 ' 20 . 
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While the importance of Ser776 is generally unquestioned, no 
direct in cell studies confirm these interactions and clarity how part- 
ner selection occurs. Furthermore, some discrepancy remains 
between in vivo and in vitro studies. Some of the in vivo work was 
carried out using an aspartate mutant of Ser776 as a phosphomimetic 
of phosphorylated Atxl 22 . This strategy was obviously dictated by the 
flexibility that the use of a genetic mutation provides in simulating a 
permanent phosphorylation and has increasingly been adopted 23 " 26 . 
However, preliminary studies using synthetic peptides spanning resi- 
dues 769-777 of Atxl have suggested that substitution of Ser776 by 
Asp does not efficiently recapitulate the properties of phosphoryla- 
tion, shedding some doubts on the general applicability of this 
approach 19 . Other independent examples also suggest some scep- 
ticism against a generalised tout-court use of phosphomimetics 27 29 . 
If confirmed, this discrepancy would have important conse- 
quences in our readout of the available data and bear important 
consequences for our understanding of Atxl function and its 
relation to disease. 

To gain further insights into the effect of Ser776 phosphorylation, 
we have undertaken an analysis of full-length Atxl in a cellular study. 
Using FRET (Forster Resonance Energy Transfer) analysis we show 
that U2AF65 interacts in cells with Atxl in a phosphorylation inde- 
pendent manner, while 14-3-3 interacts with the wild type protein 
but it is unable to interact with the aspartate or alanine mutants. Our 
in cell study consolidates our understanding of the regulatory role of 
Ser776 and provides direct evidence of a role of Ser776 as a molecular 
switch able to discriminate between pathology and normal function 
of Atxl. It also provides a direct in cell evidence that, although 
powerful, phosphomimetics cannot be used without careful consid- 
eration. 

Results 

Expression of YFP-and CFP-tagged fusion proteins in COS cells. 

To analyse the interaction of Atxl with the partner proteins 
U2AF645 and 14-3-3, we generated Atxl expression plasmids with 
a YFP tag and U2AF65 and 14-3-3 with CFP tags (Figure 1). We first 
verified that the expression of these fusion proteins were as expected 
in COS cells. COS cells were individually transfected with each of 
these fusion-constructs. Observation of cells under fluorescent 
microscope showed the pattern expected for wild-type S- Atxl -YFP 
with several cells exhibiting nuclear Atxl foci (Figure 2A). The 
pattern observed for YFP-Atxl and mutant Atxl expressing COS 
cell nuclei (Figures 2 A,B,C) is in agreement with fluorescent 
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Figure 1 | Schematic representation of wild-type (Wt) Atxl and the Atxl, 
14-3-3 and U2AF65 constructs used in this study. The positions of the 
polyQ tract, the AXH domain and serine 776 are indicated on Atxl as are 
the positions of the CFP and YFP tags on the proteins. NLS- Nuclear 
Localisation Signal. 
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Figure 2 | Expression of CFP and YFP tagged proteins in COS cells. Left 
panels show the expression of indicated fusion proteins. Middle panels 
show nucleus stained with either DAPI (A,B,C) or Propidium Iodide 
(D,E,F). Right panels show merged images. 

protein tagged wild-type Atxl expressing cells reported earlier, 
with a large majority of cells forming intranuclear Atxl foci 15 ' 30 
Counter staining of the wild-type Atxl -YFP with antibody specific 
to Ser776 phosphorylated Atxl also confirmed the presence of 
Ser776 phosphorylated Atxl in the nuclei of these cells but not in 
cells transfected with either mutants (Figure SI). 

Transfection of COS cells showed that CFP-U2AF65 is localized, 
as expected, in the nucleus whereas CFP tagged 14-3-3 (CFP-Wt- 14- 
3-3) is mainly cytoplasmic with only around 7% of the cells showing a 
nuclear signal (Figures 2 D,E). This is in agreement with the literat- 
ure 31 . Transient co-expression of CFP-Wt- 14-3-3 and S- Atxl -YFP 
showed a similar distribution of 14-3-3 between the nuclear and 
cytoplasmic compartments with 2-3% of cells showing both proteins 
in the nucleus (data not shown). However, when D-Atxl-YFP was 
co-expressed with CFP- 14-3-3, the already low levels of Atxl -14-3-3 
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co -expression in the nucleus diminished drastically. This suggests 
that Atxl Ser776 phosphorylation could be important for the nuclear 
localisation of 14-3-3. 

To study the interaction of the Atxl mutants and 14-3-3, we 
generated a CFP- 14-3-3 construct (CFP-14-3-3-NLS) with a nuclear 
localisation signal. This construct showed 14-3-3 in the nuclei of the 
majority of the transfected cells, as expected (Figure 2F). The 
expression patterns of individual fusion proteins and the co- express- 
ion patterns of Atxl and 14-3-3 variants are summarized in the 
Suppl. Tables SI and S2. Figure S2 confirms that the staining patterns 
observed in cells expressing fluorescent protein tagged proteins are 
comparable to corresponding proteins expressed without tags and 
stained with antibodies. 

Wild- type Atxl and its mutants interact directly with U2AF65. 

Interaction of Atxl and U2AF65 was analysed by acceptor photo- 
bleaching FRET microscopy. We co-expressed CFP-U2AF65 with 
YFP-S-Atxl to confirm that these proteins interact directly. 
Following photobleaching of the acceptor (YFP-Atxl) in COS cells 
co-expressing CFP-U2AF65 and S-Atxl-YFP, an enhancement in the 
donor (CFP-U2AF65) emission was observed (Figure 3C, upper 
panels). This de- quenching effect is indicative of an abolition of 
FRET due to photobleaching of the acceptor fluorophore. Since the 
distance between the fluorophores must be less than approximately 
10 nm for FRET to occur 32 " 34 , we conclude that the two tagged 
proteins interact directly in situ. Images were acquired before 
(Figure 3 A and B, left panels) and after (Figures 3A,B, right panels) 
photobleaching the acceptor (YFP-Atxl, Figure 3B). The post- 
bleaching images were collected immediately after and showed the 
dequenching effect on the donor (Figure 3C, upper panels) that 
results from loss of the acceptor molecule fluorescent properties 
(Figure 3C, lower panels). No detectable dequenching was observed 
in unbleached regions similar of intensity and structure to the 
bleached regions (compare unbleached foci to bleached foci in 
Figure 3). Co-expression of untagged, non -fluorescent Atxl with S- 
Atxl-YFP and CFP-U2AF65 resulted in a specific, concentration 
dependent decrease in FRET efficiency, confirming that the direct 
binding of Atxl and U2AF65 is physiologically relevant (Figure S3). 
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We next analysed the interaction between CFP-U2AF65 and the 
two Atxl mutants, A-Atxl-YFP and D-Atxl-YFP. With both 
mutants clear dequenching was visible in the CFP channels 
(Figure 3 panels D-I). Specifically, increased donor emission 
(CFP-U2AF65, Figures 3F and I, upper panels) was observed follow- 
ing photobleaching of either A-Atxl-YFP (Figure 3F, lower panels) 
or D-Atxl-YFP (Figure 31, lower panels), again indicating a direct 
interaction between the proteins to which the fluorophores were 
attached. Compared to S-Atxl-YFP and A-Atxl-YFP, the FRET 
signal was stronger for the Asp mutant. 

These results indicate that U2AF65 interacts directly with Atxl in 
a Ser776 phosphorylation independent manner. 

Only S-Atxl, but not its mutants, interacts directly with 14-3-3. 

We took a similar approach to analyse the direct in situ interaction 
between Atxl and 14-3-3. However, we encountered unforeseen 
difficulties expressing CFP- Wt- 14-3-3 together with either of the 
A-Atxl-YFP and D-Atxl-YFP mutants. When CFP-Wt- 14-3-3 
was co-expressed with the Atxl mutants, it invariably appeared in 
very small quantities and was localised in the cytoplasm. Since Atxl 
is a nuclear protein 2 and the microscopic detection of interaction 
between Atxl and 14-3-3 in transfected cells and in SCA1 affected 
neurones have been exclusively nuclear 35,36 , we decided to attach a 
nuclear localisation signal (NLS) to 14-3-3. This allowed us to have 
sufficient CFP- 14-3-3 signal in the nucleus to be able to detect any 
potential FRET signal. Nuclear localised CFP-14-3-3-NLS exhibited 
a clear enhancement of donor emission upon photobleaching of the 
S-Atxl-YFP acceptor (Figure 4A-C), indicative of a direct 
interaction between the two tagged proteins. There was no increase 
in the CFP signal following acceptor photobleaching of A-Atxl-YFP 
(Figure 4D-F), thus confirming that Ser776 is important for the Atxl 
interaction with 14-3-3. 

Next, we tested if D-Atxl-YFP interacted with CFP-14-3-3-NLS. 
If Ser776 phosphorylation could be mimicked by an Asp then co- 
expression of the proteins should result in positive FRET. However, 
as with A-Atxl-YFP, the representative cell and nuclear foci bleach 
showed no increase in CFP-14-3-3-NLS donor emission upon D- 
Atxl-YFP acceptor photobleaching (Figures 4G-I). Assuming that 
Atxl Ser776 phosphorylation is necessary for interaction with 14-3- 
3, these results indicate that substitution of Serine for Aspartic acid is 
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Figure 3 | 'Rainbow' look-up table (LUT) -encoded pseudocolour pre- 
and postbleach images of CFP-U2AF65 (A,D,G) and YFP-Atxl (B,E,H: S- 
Atxl-YFP, A-Atxl-YFP and D-Atxl-YFP, respectively). Magnified crops 
of both CFP and YFP signals in the bleach region (black circles) are 
depicted for pre- and post-bleach for each FRET pair (C,F,I). All scale bars 
are 5 um. 
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Figure 4 | 'Rainbow' pseudocolour look-up table (LUT) -encoded pre- 
and postbleach images of CFP-14-3-3-NLS (A,D,G) and YFP-Atxl 
(B,E,H: S-Atxl-YFP, A-Atxl- YFP and D-Atxl-YFP, respectively). 

Magnified crops of both CFP and YFP signals in the bleach region (black 
circles) are depicted for pre- and post-bleach for each FRET pair (C,F,I). 
All scale bars are 5 um. 
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not, in this case, a true phosphoserine functional mimic. Expression 
pattern and localisation of D-Atxl-YFP and A-Atxl-YFP co- 
expressed with CFP-14-3-3-NLS can be seen on a whole-cell basis 
in Figure S4. 

The corrected FRET efficiencies obtained with the different pro- 
tein pairs and combined from different photobleaching experiments 
were calculated (Figure 5). For U2AF65, mean corrected FRET effi- 
ciencies of 1 1.6%, 10.1%, and 18.2% were obtained for the interaction 
with S-Atxl-YFP, A-Atxl-YFP, and D-Atxl-YFP, respectively, 
within Atxl nuclear foci (Figure 5A). The interaction of U2AF65 
with S-Atxl and its mutants appears to be predominantly within 
the nuclear foci (compare f = foci vs n = non-foci, Figure 5A). An 
exception to this is the apparent non-foci interaction between CFP- 
U2AF65 and D-Atxl-YFP, which has a FRET efficiency of 10.1% ± 
1.3, which is comparable to that observed for A- Atxl within the foci. 
FRET efficiency is also higher for D-Atxl-YFP within the nuclear 
foci where a constitutively active binding is expected. 

For the interaction between CFP-Wt- 14-3-3 and S-Atxl-YFP, 
mean FRET efficiencies of 25.7% and 6.9% were observed for inside 
and outside Atxl nuclear foci, respectively (Figure 5B). Whilst we 
observed a reduced FRET efficiency when pairing CFP-14-3-3-NLS 
with S-Atxl-YFP, both pairs show a strong FRET efficiency within 
nuclear foci but low FRET efficiency outside, indicating that the NLS- 
tagged fusion still retains the physiological function of its wild-type 
counterpart. We thus conclude that CFP-14-3-3-NLS behaves suffi- 
ciently akin to the wild-type to give reliable interaction data. 
Compared to S-Atx, a very low FRET efficiency of 1.4% (foci) or 
lower (non-foci) was observed for CFP-14-3-3-NLS vs D-Atxl- 
YFP (Figure 5B). Therefore, our data indicate that Atxl Ser776 is 
critical for efficient binding to 14-3-3 and n. 14-3-3 and that substi- 
tution of Ser with an Asp does not, in this case, effectively mimic 
phosphorylation. 

Discussion 

Atxl is a human protein of medical interest because it is associated 
with the rare but dominant SCA1 pathology 4,37,38 . An important step 
for understanding the mechanisms that trigger SCA1 is that of deter- 
mining the physiologic function of Atxl through studying its inter- 
actome. Using this approach, increasing evidence suggests a role of 
Atxl as a transcription regulator able to interact with multiple part- 
ners 6 ' 7,14,19,21,39 " 42 . A crucial importance in complex formation and in 



partner selection has been demonstrated for Ser776 7,18,19 . Phospho- 
rylation of this residue also seems to discriminate between normal 
and pathological function since, together with polyQ expansion and 
nuclear localization, Ser776 phosphorylation is necessary for deve- 
lopment of SCA1 in animal models 20 . It is therefore essential to 
establish beyond any doubt whether phosphomimetics of Ser776 
could be used as a valid research tool in Atxl studies and how far 
we can rely on this approach for dissecting the physiologic function. 
Different in vitro studies, mostly using synthetic peptides, have in 
fact already shed some doubts about the general validity of this 
concept 27 " 29,43 " 45 . Our previous in vitro data have also suggested 
opposite binding behaviour for phosphorylated versus Asp mutated 
Atxl synthetic peptides 19 . 

As a read- out for direct protein interaction in situ, we have under- 
taken FRET analysis of Atxl and its binding partners. This method 
provides a more accurate picture than co -localization or co-IP 
approaches that, although useful for detecting the association of 
proteins, do not lead to the conclusive confirmation of a one-to- 
one interaction. Our FRET data confirm that there is no requirement 
of Ser776 phosphorylation for U2AF65 recognition. Wild-type Atxl 
as well as the Asp and Ala mutants bind U2AF65, indicating that Asp 
substitution does not prevent U2AF65 from binding to Atxl and 
even increases FRET efficiency. A possible explanation for the beha- 
viour of D-Atxl-YFP is that this mutant could have higher affinity 
for U2AF65 and is thus able to interact also outside the natural 
protein complex. Our in vitro data using Atxl peptides do not, how- 
ever, support this hypothesis 19 : the affinity of the complex of U2AF65 
with a peptide spanning Atxl residues 769-779 with an aspartate in 
position 776 is fully comparable with those of peptides with either 
serine or alanine. Alternatively, a third binding partner with strong 
affinity could bring U2AF65 and Atxl into a conformation that 
allows direct interaction. 

A very different behaviour was observed for 14-3-3: we could 
detect direct interaction when wild- type Atxl and 14-3-3 were co- 
expressed in a form that led to their co-localization in the nucleus. 
Even though predominantly a cytoplasmic protein with no obvious 
NLS signal, various studies have shown the presence of 14-3-3 in the 
nucleus, as well as the co-localisation of Atxl and 14-3-3 in the 
nucleus 35,36 . Since it is not possible to express constitutively phos- 
phorylated proteins, Atxl is expected to be present in the cell as a 
mixed population of unphosphorylated as well as phosphorylated 
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Figure 5 | Box and whisker plots depicting population distribution of percentage corrected FRET and showing maximum, minimum, upper & lower 
quartiles, and sample median. Bleach regions tested were inside nuclear foci (foci, f) and outside nuclear foci (non-foci, n). (A) CFP-U2AF65 Vs YFP- 
Ataxin-1 (wild-type, Alanine, and Aspartic acid substitution mutants). B) CFP-Wt- 14-3-3 (orange) and CFP- 14-3-3- NLS (blue) Vs YFP-Ataxin-1 (wild- 
type, Alanine, and Aspartic acid substitution mutants). Means +/— standard errors, rounded to one decimal place, are shown above each boxplot. 
Statistical significance bars are shown and represent results of unpaired t-tests of mean difference = 0 (* = P<0.05,** = P<0.01, *** = P<0.001). N 
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forms (as shown in Figure SI). We observed a FRET signal between 
wild-type Atxl and 14-3-3 indicating a direct interaction of the two 
proteins in the nucleus. Conversely, we could not detect an inter- 
action with either the alanine or the aspartate mutants even though 
the proteins still co-localise in the nucleus. These observations are in 
excellent agreement with our previous in vitro data 19 and confirm the 
absolute requirement for Ser776 phosphorylation for 14-3-3 recog- 
nition. As a corollary, they also indicate that the aspartate mutant 
cannot, in this case, mimic a phosphoserine. 

Glutamate and aspartate have been widely used as phosphomi- 
metics to substitute phosphotyrosines and phosphoserines 23-26 , The 
substitution is particularly useful because it allows a flexible way to 
introduce mutations in animal or cellular models to test the effect of 
phosphorylation. This allows for insight into the effect of the phos- 
phorylation in cells as well as in animal models, and hence the 
approach has far reaching possibilities in translational medicine 
including in the design of therapeutic strategies. In many instances, 
the phosphorylation effect may be mostly electrostatic in which case 
an aspartic, for instance, can be expected to be sufficiently close to be 
an effective substitute of phosphorylation. However, this may not 
necessarily hold true for all the interactions: in at least some 
instances, positional effects and conformational constraints may 
come into play in addition to or in spite of the charge effect. 
Previous crystallographic studies may explain the lack of binding 
of the aspartate mutant to 14-3-3 46 ' 47 . A model built on the crystal 
structure of the complex of 14-3-3- with a peptide (accession name 
lqjb) shows that the phospho-group faces directly three charged 
residues (K49, R56 and R127) from a helical bundle of 14-3-3 with 
which it can hydrogen bond (Figure 6). The phospho-group is also 
close to the hydroxyl group of the aromatic ring of Y128. While still 
retaining the negative charge present in a phosphoserine, the aspar- 
tate substitution has several very basic flaws: The aspartate side chain 
is too short to establish the same interactions with the environment 
since any overall movement of the hairpin in 14-3-3 would introduce 
main distortions in the structure. This implies that some if not all of 
the hydrogen bonds formed by the phospho -protein will not be 
established or will be weaker in the mutant (see a comparison of 
the distances in Supplementary Table S3). The aspartate has only 
two of the three oxygens in the phosphoserine, resulting in a com- 
pletely different geometry. Even more importantly, the charge dis- 
tribution and density will certainly be very different in the two 
negatively charged groups. Finally, like most physiological 14-3-3 
binding proteins, Atxl contains a proline residue at a position two 
residues C-terminal to the phosphorylated serine. A sharp alteration 
of the peptide chain direction at this position could change the 
conformational landscape of the chain and affect the kink exerted 



by the proline residue C-terminal to the phosphoserine. These con- 
siderations will need to be kept in mind in further usage of phospho - 
mimics. 

An even more important take-home message from our work con- 
cerns the consequences of our results for understanding both the 
normal function of Atxl and its role in SCA1 pathology. Both 
U2AF65 and 14-3-3 have been shown to bind the same short region 
of Atxl, termed the Atxl ULM 19 . This competition calls for a mech- 
anism of regulation to determine which protein may bind Atxl at a 
given time. Our results clearly indicate that phosphorylation acts as 
the molecular switch that causes Atxl to interact with a substantially 
different network of nuclear proteins than non-phosphorylated 
Atxl, thus determining its localization and function. Nonpho- 
sphorylated expanded Atxl, which does not manifest a SCA1 pheno- 
type 20 , recognizes UHM- containing nuclear factors but is unable to 
bind 14-3-3. Participation of Atxl in the interaction with the large 
spliceosome machinery could play a protective role against self-asso- 
ciation of the protein induced by polyQ expansion thus preventing 
aggregation. Conversely, when Atxl is Ser776 -phosphorylated and 
recruited by the smaller 14-3-3, the interaction with the spliceosome 
complex is hampered making expanded Atxl susceptible to self 
association through regions such as the polyQ stretches and/or the 
AXH domain 6 . This hypothesis proposes a scenario in which normal 
function and aberrant aggregation are competing pathways. A sim- 
ilar concept was already proposed for another polyQ protein, ataxin- 
3 whose aggregation and misfolding is mediated by the same exposed 
surfaces that are involved in the recognition of the physiologic part- 
ners 48 . Such a competition could be a general mechanism able to 
explain the causes of several if not all misfolding diseases. Further 
studies are needed to test the general validity of the model proposed. 

Methods 

Plasmid constructs. Yellow Fluorescent protein (YFP) -tagged Wild-type Atxl (30Q) 
was generated by PCR amplification and cloning into pEYFP-Nl vector (Clontech). 
This construct was used as a template to obtain Ser776 to Ala or Asp mutated YFP- 
Atxl constructs. Serine to Ala mutation was achieved by PCR using the primers 5'- 
CGAGGAAGAGGAGGTGGGCCGCGCCAGAGAGCCGC-3' and 5'-GCGGCT- 
CTCTGGCGCGGCCCACCTCCTCTTCCTCG-3'. Serine to Aspartic acid mutation 
was generated by using primers 5 ' - CGAGGAAGAGGAGGTGGGACGCGCCAG- 
AGAGCCGC-3' and 5'-GCGGCTCTCTGGCGCGTCCCACCTCCTCTTCCTCG- 
3'. CFP tagged U2AF65 and 14-3-3 were obtained by PCR amplification and cloning 
into the pECFP-Cl vector (Clontech). Green Fluorescent protein (GFP)-U2AF65 (a 
gift from Juan Valcarcel, Barcelona) was used as a template for U2AF65 and GST- 14- 
3-3^ (provided by Katrin Rittinger, London), for 14-3-3. SV40 Nuclear localisation 
signal (NLS) was amplified from pEF/nuc vector (Invitrogen) and ligated in frame to 
the 3' end of the Cyan Fluorescent Protein (CFP)- 14-3-3 construct to generate 14-3-3 
fusion protein targeted to the nucleus (CFP- 14-3-3-NLS). The following primers were 
used: 5 ' -TGCAGGTCGACCTCGAG ATCAAA CGG-3' and 5 ' - ATATAGGATC- 
CTTTTTGTTCTGCGGCCGTATCTAC-3'. 




Figure 6 | Structural determinants of the interaction between 14-3-3 andphosphopeptides. A model of the complex of Atxl with 14-3-3 was built using 
the accession name lqjb as a template by replacing the Atxl residues using phosphorylated serine (left) or an aspartate (right). The backbone of 14-3-3 
is shown as green ribbons. The side chains of residues that surround the peptide are explicitly shown in yellow. The peptide is shown in green. The position 
of the phospho-serine or aspartate is indicated with a red circle. The substitution leads to a different geometry and to longer distances between the charged 
groups. 
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Cell culture and transfections. COS cells were cultured as monolayers in Dulbecco's 
modified Eagle medium supplemented with 10% fetal bovine serum and 100 U/mL 
penicillin- streptomycin (Invitrogen Life Technologies). For the expression and 
microscopic analysis of fluorescent fusion proteins, cells were grown on chamber 
slides and transfected with appropriate plasmid DNA using GeneCellin tranfection 
reagent (BioCellChallenge) according to the manufacturer's instructions. Cells were 
fixed using 4% paraformaldehyde 36-48 h post-transfection and slides were mounted 
using CitiFluor (Agar Scientific). 

FRET microscopy. To detect FRET by the acceptor photobleaching method 32,33 , cells 
transfected with appropriate expression constructs were fixed with 4% 
paraformaldehyde and mounted as described. Samples for FRET were imaged on a 
Zeiss LSM 510 confocal microscope using a 63 X 1 .4NA Plan NeoFluar oil immersion 
objective. CFP was excited with the 458 nm line of an Argon- Krypton ion laser and 
YFP was excited using the 514 nm line. The Argon laser was set to a tube current of 
7.3 A. A 545 nm dichroic mirror was used to split the two emission channels, 
followed by a band-pass 475-525 nm filter for the CFP channel and a long pass 
530 nm filter for the YFP channel. In each case the pinhole was set such that the 
optical slice was indicated as 5 umby the LSM 510 AIM software. Each image line was 
scanned four times at scan speed 8 using line-by-line unidirectional multi-tracking 
mode and digitised at 70 nm/pixel by using a scan zoom of 4X. Separate 
photomultiplier tube detectors were used for each channel and images were digitised 
to 12-bit. The coverslip was tilescanned at lOx and cells showing strong signals in both 
CFP and YFP channels were marked and their XY positions stored for viewing at 63x. 
Preliminary scans of cells were cropped with a 4x zoom then a rectangular acquisition 
Region of Interest (ROI) was drawn around the nuclear and perinuclear region. Focus 
was positioned where the maximum number of nuclear foci were clearly visible. For 
nuclear-foci bleaches, the gain for the CFP channel was set to approximately 75% of 
dynamic range ( 12 -bit, 4096 grey levels), whilst the YFP channel was set to the nearest 
greyvalue to maximum without actually saturating any pixels. For the non-foci 
bleaches, the gain for the CFP channel was again set to approximately 75% of the 
dynamic range whilst that of the YFP channel was set such that the non-foci regions 
had a sufficient dynamic range for mathematical operations; typically between 70- 
99% of the dynamic range. Since the majority of material tended to be found in the 
nuclear foci, this resulted in saturated pixels within the dense nuclear foci regions. 
Any saturated pixels were automatically excluded from FRET calculations and so did 
not adversely affect the FRET results. For all channels and all bleach experiments, 
offsets were set such that backgrounds were at least 1 grey level in value. The timelapse 
mode was used to collect one prebleach image for each channel before bleaching. YFP 
was photobleached using the 514 nm line of the 30 mW Argon-Krypton laser set to a 
tube current of 8.1 A. A transmission of 100% was scanned across the bleach ROI at 
scan speed 9 using this wavelength and power, and the bleach process was repeated for 
200 iterations. A second post-bleach image was then collected for each channel. 
Bleach regions were defined by the size of nuclear foci in each particular cell and then 
a similar-sized bleach ROI was used for all non-foci bleaches on that same cell. Pre- 
and post-bleach CFP and YFP images were imported into Mathematica 7.0 for 
processing as previously described 49 . Briefly, images were smoothed using a 3x3 box 
mean filter, background subtracted, and post-bleach images fade compensated. 

g CFPposttJeact, CFPpj-gbieach 

CFPp 0S tbleach 

FRET efficiencies were then extracted from pixels falling inside the bleach region 
and plotted against the bleach efficiency on a pixel-by-pixel basis. FRET efficiency 
showed a linear correlation with bleach efficiency enabling determination of FRET 
efficiency at 100% bleach efficiency by extrapolation. Data from images were used 
only if YFP bleaching efficiency was greater than 50%. Finally, the FRET efficiency 
was converted in to the inter-fluorophore radius using: 

r=Ro^ 

where Ro is the Foerster radius for CFP and YFP, which is 4.95 nm. 
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